Introduction
Protein destruction may seem like a strange way for a cell to control its growth. The entire process by which cells multiply is based on synthesisthe duplication of almost every molecule in the cell. If protein synthesis is one of the foundations of growth, then why are so many proteins destroyed as one cell becomes two?
The answer to this question is control. The process of cell duplication is, of course, more complicated than simply replicating the cellular contents and dividing. Survival of all eukaryotic cells depends on their ability to regulate how and when they grow. To persist, cells must multiply only in response to specific signals, they must have mechanisms to detect errors in the duplication process, and they must establish a defined sequence for the events of duplication, so that DNA replication, for example, always precedes cell division. In addition to synthesis, therefore, an important part of growth is maintaining tight control over all of the proteins needed to make a new cell. Protein destruction-proteolysisplays a pivotal role in controlling the activity of these proteins.
Proteolysis is particularly suited to controlling the events of cell duplication because it is a swift, direct, and irreversible way to limit the activity of a protein. When a protein is destroyed by proteolysis, its levels in the cell can drop instantly and dramatically. Through this property, milestones in the duplication process are defined, such as exit from mitosis. Moreover, once a protein is destroyed, the only way it can reappear is by new synthesis; this gives direction to the events of cell duplication, and ensures that these events fire in the proper sequence.
As any newcomer to the field can appreciate, the regulation of eukaryotic cell growth is a complex phenomenon. How and when a cell grows is ultimately the product of interactions among vast groups of transcription factors, kinases, phosphatases, and other regulatory molecules. Similarly, the ways in which these molecules are affected by proteolysis are also complex. There are many different substrate proteins, a diverse and complicated proteolytic machinery, and a variety of mechanisms that modulate interactions between the two. Despite this complexity, however, the fundamental ways in which proteolysis works are surprisingly simple: nature has made the most of just a handful of strategies. In this review, I discuss how these simple strategies for using and controlling the power of proteolysis dominate many aspects of eukaryotic cell growth.
Proteolysis and Growth Control
To understand the simple ways in which cells put proteolysis to work to control their growth, the story needs to get a little complicated. We need to understand how cells structure the events required for their duplication, and how proteolysis works. We also need to understand how these two areas intersect and how the destruction of particular proteins relates to growth control. Once these more complicated issues have been discussed, the simple themes behind the function Ub-mediated proteolysis is a process in which proteins are first tagged by covalent linkage to Ub,-a small, highly conserved proteinand then destroyed by the proteasome-a large, multicatalytic protease complex (for reviews see refs. 4 and 5). A general scheme for the Ubproteasome pathway is shown in Figure 2 . The process begins when Ub forms a thioester bond with a Ub-activating enzyme, or El. Ub is then transferred to a Ub-conjugating enzyme, or E2. The E2, either alone or in conjunction with a Ub-protein ligase (E3), recognizes a specific element in the target protein called a degron (4) . Once the degron has been recognized, Ub is transferred to a lysine residue somewhere on the target protein. Repeated rounds of this process [perhaps catalyzed by a Ub-chain assembly factor, E4 (6) ] results in a highly ubiquitylated target protein that is destroyed by the proteasome.
There are three reasons why Ub-mediated proteolysis features prominently in the regulation of cell cycle progression. First, Ub-mediated proteolysis is highly selective. For a protein to be destroyed by this pathway, it generally must carry a degron to signal its ubiquitylation. This selectivity means that, from within a collection of regulatory molecules, specific proteins can be singled out for destruction as needed. Second, Ub-mediated proteolysis can destroy many proteins. Multiple E2 and E3 complexes participate in the pathway, each of which ubiquitylate a distinct set of target proteins. This diversity allows the Ub-proteasome pathway to destroy all of the different proteins needed for coordinating cell cycle progression. Finally, Ub-mediated proteolysis can be precisely controlled. Interactions between proteins and their respective E2/E3 complexes can be regulated, so that these proteins are destroyed only in response to specific signals. This control means that, even if a protein contains a degron, it is not always unstable, but rather can be destroyed at specific points in the cell cycle. Together, these three unique attributesselectivity, diversity, and controllability-make Ub-mediated proteolysis ideally suited to regulating complex events like cell cycle control.
Targets of Ubiquitin-Mediated Proteolysis
As a final approach to understanding how proteolysis is used to control growth, we must identify the proteins that are targeted for destruction. Table 1 shows a list of proteins that are involved in the control of cell growth and that are destroyed by Ub-mediated proteolysis. Table 1 also lists, where known, the E2/E3 complexes that ubiquitylate these proteins. The first feature to emerge from Table 1 is the diversity of growth-related proteins that are destroyed by Ub-mediated proteolysis. There are 40-odd entries in Table 1 , which together include all of the major categories of proteins needed to drive cell cycle progression. There are (i) cell cycle kinases and their regulators, which the signal events require for cell duplication; (ii) regulators of DNA replication, which maintain normal cell ploidy by limiting DNA replication to once per cell cycle; (iii) factors required for the mechanics of cell duplication, which drive the structural rearrangements needed to produce a daughter cell; (iv) regulators of transcription, which carry out growth-regulated patterns of gene synthesis; and (v) components of the proteolytic machinery itself, which regulate all aspects of cell cycle progression. Confronted with this list, it is difficult to imagine a type of growthrelated protein that is not represented here. The number and breadth of these proteins illustrates the importance of Ub-mediated proteolysis to almost all aspects of eukaryotic growth control.
The second feature to emerge from Table 1 is that most of these proteins are ubiquitylated by one of two types of E2/E3 complexes; either an anaphase promoting complex (APC) (7) or a Skp-Cullin-F-box (SCF) complex (8) . Detailed discussion of the architecture, function, and regulation of APC and SCF complexes is beyond the scope of this review (see refs. 9 and 10 for reviews on the APC and SCF complexes, respectively). But some features are worth considering here. First, the APC and SCF are large, multisubunit complexes. Some forms of the APC, for example, contain well over a dozen proteins, with a predicted molecular weight of 750,000 kD (see ref. 9 for a list of APC subunits). The intricate nature of these complexes implies that their activity is tightly regulated, because many gene products must be present in the right place and at the right time for an active APC or SCF complex to assemble. Second, APC and SCF exist in multiple forms (1 1). Subtle variations in APC or SCF subunit composition can create complexes that either ubiquitylate different target proteins or respond to different regulatory signals. There is thus no one APC or SCF, but a rather a collection of these activities, the members of which perform specialized tasks. Finally, although APC and SCF are evolutionarily related complexes (12) that have the same enzymatic activity (i.e., protein ubiquitylation), they tend to differ in the types of proteins they ubiquitylate. The APC is activated at the metaphase-to-anaphase transition, and thus plays a predominant role in destroying proteins that regulate exit from mitosis. SCF activity, in contrast, appears to be directed more toward proteins involved in the Gl-to-S transition-proteins such as the G1 cyclins [e.g., Cln2p in Saccharomyces cerevisiae (8) ] and their inhibitors [e.g., the human cyclin-dependent kinase inhibitor p27 (13)]. Thus these two types of ubiquitylation machines have evolved to carry out distinct functions in the regulation of cell growth.
A final point to be made from Table 1 is the broad range of species represented. Indeed, it is fair to say that probably all eukaryotes use Ubmediated proteolysis to control the-r growth. Across the broad spectrum of eukaryotic life, therefore, the functional conservation of the cell cycle machinery is mirrored in the conserved way in which these proteins are regulated by destruction.
Putting Proteolysis to Work
How do cells use proteolysis to control their growth? One answer to this question has already been provided: by regulating the proteins that control cell cycle progression. But a more fundamental answer to this question needs to address exactly how the regulation of these proteins occurs. In other words, what strategies has the cell devised to harness the power of proteolysis for growth control? After all of the complexity that has preceded this point, the reader will be relieved to learn that the answer to this question is simple: there are just three ways in which Ubmediated proteolysis is used to regulate cell growth. These basic strategies-timed destruction, continuous destruction, and regulated destruction-are at the heart oi all uses of Ubmediated proteolysis in the control of cell growth.
Using Proteolysis I: Timed Destruction Because Ub-mediated proteolysis can be tightly regulated, it can bring about protein destruction at a very specific point during cell cycle progression. In response to a predetermined signal, Ubmediated proteolysis can attack a specific set of target proteins, causing their levels to drop al- Figure 3A , is destruction of the yeast protein Siclp (14) . Siclp is a CDK inhibitor that accumulates during G1 and inhibits the action of cyclin-CDK complexes required for S-phase initiation. Toward the end of G1, however, Siclp is rapidly destroyed via SCF-mediated ubiquitylation. The resulting drop in Siclp levels activates cyclin-CDK complexes required for S-phase initiation, and cells are propelled from one phase of the cell cycle to the next. This use of proteolysis occurs whenever regulatory proteins must disappear at a precise point: for example, destruction of the mitotic cyclins (15) , which control exit from mitosis; destruction of Pdslp (16) , which controls sister chromatid segregation; and destruction of geminin, which times the onset of DNA replication (17) . Figure 3B .
An interesting example of this use of proteolysis is observed with the oncoprotein Myc, which is a transcription factor that directly activates the expression of genes required for cell cycle progression [e.g., cdc25 phosphatase (18) (21) . In this scenario, the rapid destruction of Myc plays a pivotal role in keeping Myc under control, because it enables the preceding regulatory processes to exert their influence over Myc protein levels. This strategy of continuous destruction is used extensively in growth control-regulating transcription factors, GI cyclins (22) , and components of the proteolytic machinery [e.g., the APC-activator Cdc2Op (23)1-as a way to amplify and enforce the action of other regulatory mechanisms.
Using Proteolysis III: Regulated Destruction An important feature of the eukaryotic cell cycle is that it can react to problems that arise during the process of cell duplication. If, for example, there has been a problem with the duplication of the DNA, cell cycle progression can be delayed until this problem has been corrected. This reaction of the cell cycle machinery protects the integrity of the genetic information, by ensuring that errors in the duplication process are not passed on to daughter cells. Proteolysis plays an important role in this response by its ability to execute rapid, signal-induced changes in the levels of regulatory molecules within the cell. This process of regulated destruction is the third way that cells use proteolysis to control their growth.
An interesting example of this kind of regulation, depicted in Figure 3C , involves changes in the destruction of the tumor suppressor protein p53 in response to DNA damage (24) . p53 is normally an unstable protein that is turned over by Ub-mediated proteolysis. Upon exposure of cells to UV light, however, the destruction of p53 is quickly blocked (25) , resulting in a rapid accumulation of p53, an induction of p53 target genes, and a block to cell proliferation. Similar DNA damage and checkpoint-induced changes in proteolysis have been reported for the CDK inhibitor p21 (26) , the mitotic kinase Weel (27) , and the anaphase inhibitor Pdslp (28) . By shutting proteolysis down when there is a problem, cells thus ensure that they divide only when they can produce normal, healthy daughters.
Regulating Ubiquitin-Mediated Proteolysis
A key aspect of protein destruction by Ub-mediated proteolysis is that it can be precisely regulated. Indeed, without such regulation, Ub-mediated proteolysis would not feature so extensively in the control of cell growth. There are many ways in which Ub-mediated proteolysis is regulated, but again, these can be reduced to just two simple principles: regulating the activity of the ubiquitylating enzyme (E3) or regulating the susceptibility of the target protein. These two modes of regulation are illustrated in Figure 4 .
Regulating E3 Activity If two proteins are ubiquitylated by the same E3, in the absence of any other forms of regulation, they will be destroyed in the same manner. When the E3 is inactive, the two proteins will be stable. When the E3 is active, the two proteins will be destroyed. This simple scenario illustrates how cells can coordinately destroy specific groups of proteins by regulating E3 activity.
A good example of this form of regulation is the APC, which becomes active late in mitosis. The activation of the APC promotes coordinate destruction of many proteins required for exit from mitosis. For example, Pdslp is ubiquitylated by a form of the APC containing the regulatory subunit Cdc2Op (29) . As shown in Figure 4A , Pdslp and APCCdc2O apparently coexist throughout much of the cell cycle without incident. Approaching the metaphase-to-anaphase transition, however, APCCdc2O is activated. The active APCCdc2O then targets destruction of Pdslp, which in turn initiates a major event in mitosisthe segregation of sister chromatids. Importantly, Pdslp is not the only target of APCCdC20. As shown in the figure, the activated APCCdC2O also targets B-type cyclins (30) for destruction at this point, triggering other events required for exit from mitosis. Thus, by regulating APCCdc2O activity, rather than individually regulating Pdslp and cyclin B susceptibility, the cell is able to efficiently coordinate multiple molecular events required for the anaphase-to-metaphase transition.
Regulating Substrate Susceptibility If two proteins are ubiquitylated by the same E3, in the absence of any other forms of regulation, they will be destroyed in the same manner. If, however, the susceptibility of one of these proteins to ubiquitylation is differentially regulated, the two proteins will display very different stabilities. This simple scenario demonstrates how regulation of substrate susceptibility allows cells to selectively target a very specific and controlled subset of proteins for destruction.
The G1 cyclin Cln2p and the Cdc42-effector Gic2p provide an interesting example of how substrate regulation allows for differential destruction of proteins via a common E3 (Fig. 4B ). An SCF complex, containing the F-box protein Grrlp, targets the ubiquitylation of both Cln2p (8) and Gic2p (31) . In both cases, substrate recognition by Grrlp requires phosphorylation of residues within the Cln2p and Gic2p degrons. Because these residues in the Cln2p and Gic2p degrons are differentially phosphorylated, the two target proteins are destroyed in different ways: Cln2p is continuously destroyed during the G1 phase (22) , whereas Gic2p accumulates during G1, but is rapidly destroyed following the G1-S transition (31 (32) , making v-Jun more stable than its cellular counterpart. A similar stabilizing deletion has been described for the transcription factor v-Myb (33) . In another example, the human papillomavirus (HPV16) oncoprotein E6 specifically targets the destruction of the tumor suppressor protein p53 (34) . The E6-mediated destruction of p53, which defeats the cell's ability to arrest or die in response to oncogenic pressure, is an essential part of HPV16's strategy for directing cellular transformation. Given the uncanny ability of tumor viruses to select for the most important and vulnerable regulatory processes, it seems likely that other, similar examples will be uncovered in the future.
Second, changes in the Ub-mediated destruction of cell cycle regulators have been directly associated with cancer. The best examples of this to date are p27 and Myc, which illustrate how either up-regulation or down-regulation through Ub-mediated proteolysis can cause problems. Ub-mediated proteolysis of the CDK inhibitor p27 is increased in some human cancers (35) , resulting in a substantial decrease in steady-state p27 levels. This Ub-mediated decrease in p27 levels generally predicts poor patient survival. Conversely, Ub-mediated destruction of Myc is down-regulated in some malignancies; the Myc degron is a hotspot for mutations in a variety of leukemias and lymphomas (36) , and several of these mutations have been shown to subvert the Ub-mediated destruction of Myc (21) , resulting in the production of a significantly more stable protein with increased transforming ability. Other examples of substrate-specific defects in proteasomal destruction will undoubtedly be uncovered in the future.
Finally, there is one example of how mutations in a component of the Ub-proteasome pathway can feature directly in cancer. The human tre-2 oncogene encodes a deubiquitylating enzyme (37) that removes Ub groups from substrate proteins during their destruction by the proteasome. Because the yeast homolog of this gene, DOA4, is required for the efficient destruction of multiple, but not all, ubiquitylated substrates, it is reasonable to speculate that tre-2 is oncogenic because it mediates the destruction of a select group of growth-related proteins in mammalian cells. These proteins are yet to be identified. Although this last example is interesting, it seems unlikely that situations like this, where the proteolytic machinery itself is deregulated, will feature extensively in cancer. The involvement of Ub-mediated proteolysis in many aspects of cellular metabolism may 'protect' the ubiquitylation machinery from deregulation, because changes in this machinery might simply kill cells, rather than offer them a growth advantage. On balance, therefore, it seems much more probable that substrate-specific changes in protein destruction, as outlined above, will dominate the arena of Ub-mediated proteolysis and cancer.
Perspectives
It is clear that Ub-mediated protein destruction permeates all aspects of cell cycle control in all eukaryotes. The multifaceted use of this pathway and its evolutionary success are testaments to the unique suitability of Ub-mediated proteolysis to the control of cell growth. In recent years, biochemistry and genetics have come together to fuel an explosion in our understanding of how and why proteolysis controls cell growth. But many questions remain. What is the full extent of the involvement of the Ub-proteasome pathway in the control of the cell cycle? Although many substrates have been identified, it seems likely that we have only scratched the surface. We need to identify the complete collection of target proteins and all the ubiquitylating complexes, and we need to understand how interactions between them are controlled. We also need to understand the extent of cross-talk between different ubiquitylation complexes. The potential for cross-talk is high, given the fact that E3's often contain common subunits and usually target multiple proteins for destruction. For example, can a protein be stabilized if its E3 is actively involved in ubiquitylating another protein? Is this cross-talk used to control cell growth? Finally, we must understand not only how the Ub-proteasome pathway functions in cell cycle control but also how other proteases feature in this process. There is a small but growing group of proteases that target cell cycle regulatory proteins-Tsap, for example, which cleaves cyclin A (38)-and a recently identified complex that can substitute for the essential functions of the proteasome (for review see ref. 39 ). We must understand the role of these proteases and how they work with Ub-mediated proteolysis to control cell growth. There is clearly much to be done: it's degrading work, but someone's got to do it.
